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Abstract

Nanometer sized diamond has been found in meteorites, proto-planetary nebulae and in-
terstellar dusts, as well asin residues of detonation and in diamond films. Remarkably, the
size distribution of diamond nanoparticles appears to be peaked around 2-5 nm, and to be
largely independent of preparation conditions. Using ab-initio calculations, we have shown
that in this size range nanodiamond has afullerene-like surface and, unlike silicon and ger-
manium, exhibitsvery weak quantum confinement effects. We called these carbon nanopar-
ticles bucky-diamonds:. their atomic structure, predicted by simulations, is consistent with
many experimentd findings. In addition, we carried out caculations of the stability of nan-
odiamond which provided a unifying explanation of its size distribution in extra-terrestrial

samples, and in ultra-crystalline diamond films.
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1 Introduction

Nanometer sized diamond is a constituent of diverse systems ranging from inter-
stellar dusts and meteorites [1] to carbonaceous residues of detonations [2] and
diamond-like filmg[3]. Many of the properties of bulk diamond have been well un-

derstood for decades, those of nanodiamond are mostly unexplored.

The characterization of nanodiamonds from both the sky and the earth has revea ed
interesting, common features, in particular the presence of graphitic-like sites, pos-
sibly at the surface [4]. For example, UNCD films are believed to contain 2-5% of
sp2 bonded carbons, supposedly at grain boundaries and less than 1 % hydrogen.
Aleksenskii et a. [4] performed a structural study of UDD using X-ray diffraction
and small angle X-ray scattering and found that the mgjority of nanodiamond has a
core size of about 4 nm, with a surface covered by amixture of sp2 and sp3 bonded

carbon atoms.

In this paper, we present atheoretical study showing that diamond has unique prop-
ertiesnot only asabulk material but also at the nanoscale, where size reduction and
surface reconstruction effects are fundamental ly different from thosefound , e.g. in
Si and Ge [5]. Using ab-initio calculations within the Density Functional Theory
(DFT) framework, we showed that nanoscale diamond obtained by detonation as
well as found in meteorites indeed has a diamond core with a fullerene-like sur-
face reconstruction and we have called these carbon particles bucky diamonds [6].
We give a description of bucky diamonds in Section 4, after describing the prop-
erties of hydrogenated nanodiamonds smaller than ~2 nm in Section 3. Finaly, we
have study the relative stability of nanodiamonds as a function of size and of the

surface hydrogen coverage in section 5. Our results show that as the size of dia



mond is reduced to about 3 nm, it is energetically more favorable for this materia
to have bare, reconstructed surfaces than hydrogenated surfaces. This inability to

retain hydrogen at the surface may then prevent the growth of larger grains|[7].

2 Theory

In our DFT calculations, performed both within the generalized gradient approxi-
mation (GGA) and the time dependent loca density approximation (TDLDA), we
used a pseudopotential, plane wave approach. We chose the planewaves energy
cutoff equa to 35 Rydberg and imposed the spacing between periodic replica of
a single cluster to be at least equal to 8 A. We checked that under these con-
ditions, the interatomic distances and HOMO-LUMO energy separation are con-
verged to less than 0.1A and 0.1eV, respectively. All structures were fully relaxed,
using Car-Parrinello molecular dynamics [8]at low temperature, until the residua
forces got less than 1 Ry/bohr. These conditions allowed us to accurately compute
the ground state geometry and electronic structure of clusters containing up to 447

atoms (C275H172). Those cal culations were performed using the GP code? .

Due to well known shortcomings of local density approximations to describe the
excited states of systems, and so for, the energy gap, we use a the time dependent
local density approximation to improve the description of the excited states. We
follow the linear response formulation of Casida [9] in the ABINIT code imple-

mentation [10].

1 G.PCode, F. Gygi, LLNL (1999-2001).
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Fig. 1. Absorption spectra of fully hydrogenated nanodiamonds up to 1 nm in diameter.
At least 600 excitations have been included in the linear response treatment to ensure the
convergence of the spectraon arange of minimum 2 €V above the onset of the absorption.
The spectra are truncated at high energy (dashes). The vertical dashed line corresponds to
the absorption gap of bulk diamond with the same level of accuracy and converged with

respect to k-points.

3 Hydrogenated nanodiamonds absor ption spectra

The nanodiamonds structures are generated form a spherically truncated diamond
slab where all the dangling bonds are saturated with hydrogen atoms. Upon re-
laxation, strong angular distortions at the surface occur and we note that, to the
contrary of the other group IV nanoclusters, size reduction to a few nanometers
induces atensile stress to act on the structure. Thisresultsin asignificant increase,

up to 6% in comparison to bulk, of the C-C bond length.

The computed absorption spectra are shown on Fig.1. We note a very rapid de-



crease of the absorption gap value which gets similar to the computed bulk value
for particles about 1 nanometer in diameter. This indicates the absence of quan-
tum conf i nement effect for particles larger than 1-2 nanometers as was established
in ref. [6]. The oscillator strength of the first alowed transition isalso rapidly de-
creasing, in agreement with the formation of an indirect gap in the bulk limit case.
Interestingly, the onset of absorption can even appear at energies that are smaller

than the bulk absorption gap for clusters diameters of the order of 1 nm.

4 Surface reconstructions

Depending on preparation conditions, and especially on heating treatments of the
samples, nanodiamonds produced experimentally may not have an ideal diamond
surface saturated by hydrogen atoms, but rather exhibit reconstructed surfaces.
To investigate the effect of surface reconstruction on hydrogenated nanoparticles,
we studied some representative cases. Starting from the unrelaxed, fully hydro-
genated, geometries, we removed pairs of hydrogens whose interatomic distances
were within 5 % of the H, bond length (see Fig.2). All surfaces spontaneously re-
constructed at low temperature but the reconstruction induced almost no change in

the GGA Homo-Lumo gap values.

The effect of surface reconstruction is more important on the TDLDA absorption
spectra, as the example is given on Fig.3. The absorption gap vaue, as defined by
thefirst non-zero oscillator strength transition is typically reduced by about 0.5 eV
upon reconstruction. The overall shape of the absorption spectra is however quite

unaffected by the reconstruction of the surface.

This effect of reducing the gap can be qualitatively guessed from the HOMO and



Fig. 2. Fully hydrogenated 66 carbon atom cluster (left) and (100) reconstructed cluster
(right). The (100) reconstruction occurs spontaneously upon remova of pairs of hydrogen
atoms, such asthose circle on theleft. The HOMO and LUM O are represented by the light-

and dark isosurfaces respectively and are drawn at 33% of their maximal vaue.

TDLDA Absorption spectra (Arbitrary units)

Fig. 3. Absorption spectra of unreconstructed and (100) reconstructed C29 clusters.

LUMO geometries, as on the example from Fig. 2. Upon reconstruction, the HOMO
gets somewhat extended towards the surface but the LUMO is signifi cantly trans-

ferred from surface atoms to deeper core atoms.



Fig. 4. C275 "Buckydiamond” HOMO and LUMO (Kohn-sham) states. The isosurfaces

are drawn at 25% of their maximal vaue.

5 Bucky-diamonds

For a series of particles particleswith diameters up to 1.5 nm, we explicitly studied
the geometry of surface reconstruction, in the absence of passivants. For al clusters
we observe the graphitization of the (111) facets as well as the well known (100)
reconstruction forming dimers on the surface. These combined effects create caps
whose structure, and curvatureis similar to somefullerenes. These have been previ-
ously called "bucky diamonds’[6]. We evidenced similar reconstructionsfor larger
clusters (up to 3 nanometers) using tight binding monte carlo simulation [11]. For
al clusters studied ab initio, the HOMO and LUMO states are located at the in-
terface between the diamond core and the reconstructed (111) facets. On Fig.4 one
can see that the HOMO has most of its contribution below the fullerene-like caps
and at the edges of surface pentagons, while the LUMO is aimost entirely located

below the fullerenic caps and on the surface hexagons.

These surface states and reconstructions are indeed compatible with previously

recorded X-ray absorption spectra[6].



It is interesting to note that the barrier between the ideal - bare- surface structure
and the reconstructed surface is size dependent and increases as the size of the
nanoparticle is increased, to become of the order of several tens of eV, asfound in

bulk diamond[12].

6 Chemical potential stability study

Having established the atomic and electronic structure of both hydrogenated and
bare nanodiamonds, we studied the rel ative stability of nanoparticles with the same
carbon content but different hydrogen coverage, as afunction of size, using agrand

canonica formaism. The formation energy of a carbon particle is defined as.

Eformation = Etota,l i ,UCNC i ,UJHNH i Evib

Here N, are the numbers of C or H atoms and 1. is their respective chemical po-
tential; E,» and E;1y are the vibrational and the total energy of a nanoparticle,
respectively, obtained within DFT. The formation energy thus expresses the dif-
ference in energy between a nanoparticle and areservoir of carbon and hydrogen
atoms whose energy is 1, In our calculations, we considered five core sizes con-
taining 29, 66, 147, 211 and 275 C atoms and for all of them we found that the
stability sequence of the particles with different surface structures isthe same as a
function of 1. Inal five cases, in going from the CH, chemical potential to lower
values, the stable structures are, in order of increasing stability, nanoparticles with
fully hydrogenated surfaces, those with (111) reconstructed, hydrogenated surfaces
and those with bare, reconstructed surfaces. Our resultsfor the formation energy of
two specif i c diamond clusters (with 66 and 275 C atoms, respectively) asafunction

of the hydrogen chemical potential are showninFig.5. Thisfigureindicatesthat the



difference in formation energy between particles with hydrogenated surfaces and
those with bare surfacesis rapidly decreasing as the size of the nanoparticle is in-
creased. This suggeststhat there exist asize in the nanometer range where areversal
of stability between hydrogenated and bare nanoparticles will occur and bucky di-
amonds (or parent structures) will become more stabl e than diamond nanoparticles

with hydrogenated, reconstructed surfaces.

The computed difference in formation energy (A) between the stable hydrogenated
structure and the bare diamond nanoparticle as a function of sizeisshown in Fig.6,
where we assumed that Delta is dependent only on the number of surface carbon

atoms. With this assumption,

3/2 . 3/2

formation,bare 1 formation,stable

¢=Fr

isalmost linear with the particle diameter. Our results show that for all values of the
H chemical potential, A becomes negative when the diameter of the nanoparticleis
comprised between 2 and 3 nanometers. In other words, A does not depend in any
significant way on the hydrogen chemical potential, and thus to a large extent on

different experimental synthesis conditions.

Our caculations show that between 2 and 3 nm, it is energetically more favorable
for nanodiamond to have a bucky diamond-like structure and bare unreconstructed
surfaces than having hydrogen at the surface. The presence of hydrogen is aneces-
sary condition for the growth of diamond; therefore the release of surface hydrogen
from growing nanodiamonds should result in the premature end of the growth of
bulk samples between 2 and 3 nm. These findings help explain why nanodiamond
size distributions are peaked around the same size, about 3 nm, irrespective of the

preparation method used to generate the nanoparticles. Although our calculations
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Fig. 5. Formation energy of nanodiamonds with different hydrogen coverage and different
coresizes (66 C atom and 275 Carbon atoms on the left and right hand sides, respectively),

asafunction of the hydrogen chemicd potential, which mimic different preparation condi-

tions.

cannot establish the exact size at which the crossover between hydrogenated and
bare, reconstructed surfaces occur, they provide a robust, qualitative explanation
of why the crossover occurs in the few nanometers range, and why it is the same

irrespective of preparation conditions.

Based on the simple thermodynamic mechanism presented here, one might argue
that it would be impossible to grow diamond on a micro- or macroscopic scale.
To address this issue, it is necessary to compare the formation energies of nan-
odiamonds of various sizes with those of flat diamond surfaces. This comparison
indicates that at the highest values of the H chemical potentid (-15.5 eV) consid-

ered in our study, the infinite (100) surface is more stable than any nanodiamond,
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Fig. 6. Difference in formation energy between nanodiamonds with fully reconstructed

surfaces and the most stable structure found for a given value of the hydrogen chemical
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potentid (u), as afunction of the nanoparticle size.

while at lower chemical potentia, there exist a critical diameter above which the
nanodiamond clusters are the most stable structure. For instance at a chemical po-
tential value of -16.5 eV, if the particle grows to a diameter larger than 2.5 nm, then
it becomes more stable than a bulk surface. These numerical results help explain
how, by varying the hydrogen pressure (and thus the hydrogen chemica potential)

in a CVD reactor, one can deposit either microcrystalline or ultrananocrystalline

diamond films.

11



7 Conclusions

In summary, using ab-initio methods with no adjustable parameters, we have pro-
posed an explanation for the ultradispersity of diamond at the nanoscale which
relies on simple thermodynamic arguments. We have shown that depending on
the temperature and pressure of the hydrogen and carbon gases used in diamond
growth processes, diamond will grow into nanoparticles with reconstructed, non
hydrogenated surfaces of about 3 nm or into microcrystalites, if the typical con-
ditions of diamond CVD growth are met. Our results, together with the proposed
geometry of bucky diamond will help build structural models of UNCD and UDD
films which can be used to study mechanica properties of these systems, aswell as

their interfaces with biological molecules.
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